Abstract. An interface pressure measuring device for the assessment of subject-cushion interface pressures at ten points has been described. Preliminary trials using 12 healthy subjects on four cushions and three spinal injury patients on six cushions, has been carried out. It was also found that the water and foam cushion distributed the pressure over a larger area than the foam cushions.
Introduction
THE challenge of decubitus skin ulceration has exercised the minds of inventive people for hundreds of years (Jones, 1971) . The cost in human suffering and on community resources is incalculable but no satisfactory device has been produced to prevent the development of pressure sores in the sedentary patient with lack of sensibility in the weight-bearing areas. The water or flotation bed has come a long way to preventing pressure necrosis in recumbent patients (Jones, 1971 (Jones, , 1975 but there are aspects of the flotation bed which may mitigate against its use.
A vast number of beds and cushions is currently on the market and the ability to objectively assess each of these devices against a standard or to compare the suitability of various cushions with each patient has been sadly lacking because the pressure measuring devices themselves have affected the weight relieving properties of the cushion or else they have had to be moved during the measuring analysis thus negating the results obtained.
New types of cushions are available as a result of research programmes in rehabilitation centres throughout the world and these include rubber and syn thetic foam, gel types, water pads, impact absorbing varieties, flotation pads and various combinations.
The aim of our research into a pressure measuring system was to provide a direct pressure distribution measuring device and low cost with the capability of measuring normal forces over a large weight-bearing area without moving the sub ject or influencing properties of the cushion. This paper sets out research and development of a relatively simple but effective pressure measuring device and reviews literature relating to decubitus skin ulceration and the measurement of the forces acting to cause the disturbance.
Review of the Literature Grant (1967) and Jones (1971) give historical accounts of the research into pressure sores and the methods used in their alleviation.
The earliest description of decubitus skin ulceration and its treatment and prevention was by Neil Arnott in 1833, 'Elements of Physics' (Arnott, 1833) .
That description was an accurate illustration of the factors involved in the causation of decubitus skin ulceration. Other authors, Norton (1962) and Lowthian (1970) , have described two types of pressure sores. The first is super ficial and is characterised by maceration of devitalised skin producing an infected shallow ulcer. The other is a deep ulcer which commences in the tissue overlying bony prominences. Here, considerable necrosis of muscle and fascia occurs, later extending to the surface. Erythema is the only evidence of skin involvement in the initial stages.
The cost in a hospital setting of preventive measures to reduce the incidence of pressure necrosis may reduce the costs of hospitalisation of patients with paralysis by a factor of 50 per cent (Cox, 1976) . Trumble (1930) postulated two important factors in the development of pressure necrosis, the intensity and the duration of the pressure effect. Experi mentally, Trumble found that on a boy's foot, a pressure of 2·5 p.s.i. (17.2 kPa) was required to obliterate a systolic blood pressure of 120 mmHg (15·9 kPa) whereas a pressure of 1·6 p.s.i. (II·O kPa) could be tolerated for days. He also calculated that in the recumbent position the average pressure experienced by the body may not exceed 0·33 p.s.i. (2·2 kPa), but due to body irregularities the pressure over areas such as bony prominences is much higher. Reichel (1958) first postulated that shearing forces are important in the genesis of a pressure sore. He postulated that shearing forces placed the blood vessels under stretch and/or angulation. Ultimately extensive tissue dissection or cleavage could occur which might be the precipitating factor in causing a pressure sore to develop. Lowthian (1970) used a rubber block to simulate tissue. He drew horizontal and vertical lines on the block. Compressive and shear forces were used to load the block, similar to the manner in which tissue is loaded. From the final distortion taken up by the lines, he postulated that shear compressive forces occlude blood vessels contributing to the formation of the deep pressure sore. Spence (1967) , Cochran (1973) and Dawson (1974) indicated that shearing forces should be eliminated if adequate control over the development of pressure sores were to be maintained. No experimental evidence was produced to show the role that shear plays in the initiation of a pressure sore. Stark (1977) showed that with shear forces, collagen fibres begin to align, gradually causing occlusion of blood vessels in the fibre matrix.
Other authors, Guttman (1955), Norton (1962) , Jones (1971) and Cox (1976) , include physical damage to tissues, ischaemia, anaemia, age, nutritional in adequacy, loss of vasomotor control, lack of skin sensation, local infection, presence of endotoxins, use of corticoids, muscle wasting, diabetes and oedema as factors which are likely to cause pressure sores to develop. It is generally held that the most important factors causing pressure sores are prolonged and/or excessive pres sure, shear forces, friction and moisture.
Experimental studies have been undertaken by many workers; Brooks and Duncan (1940) used rats as their experimental animal. Pressures were applied to the tail for varying lengths of time, and the external evidence of necrosis was noted. They also studied the circulation of the tail under these conditions using radio-opaque dye and X-rays. Their conclusion was that pressure causes cir culatory obstruction and pathological changes. Necrosis of tissue did not occur in less than 17 hours or at pressures less than 70 mmHg. Reduced temperatures reduced the occurrence of necrosis. Kosiak (1959) established a pressure-time relationship for the onset of necrosis using a dog's legs as the area for experimenta tion. This inverse relationship has gained acceptance as being valid for the onset of necrosis in humans. In that experiment, friction was not considered. Kosiak did determine, however, the amount of pressure transmitted through the tissues and found that 58 per cent of the surface pressure was transmitted to the sub cutaneous tissue. At l-cm depth 38 per cent was transmitted and 33 per cent was transmitted to subcutaneous tissue on the other side of the leg.
In 1961 Kosiak investigated the effect of constant and alternating pressure on normal and denervated muscle. Using rats, he investigated the microscopic changes in the muscle tissue and found that there was no significant difference between normal and denervated tissue. Dinsdale (1973) confirmed these findings. A constant pressure of 70 mmHg produced a change in the tissue after 2 hours and with alternating pressure, minimal change was noted up to 240 mmHg and that ulceration generally occurred 3 to 4 days after removal of the pressure. Lindan (1961) applied pressure to rabbits' ears and observed the vascular response. Pressure above 100 mmHg removed the blood from the area, and necrosis occurred if the pressure was maintained for more than 12 hours. These experiments confirmed the conclusions of Kosiak. Dinsdale (1973-74) contributed to the understanding of the pathogenenis of decubitus ulcers by undertaking experiments on paraplegic swine and normal swine, investigating the muscle tissue at the point of applied pressure using light and electron microscopes.
The sequence of events observed was:
I. Desquamation of the stratum corneum. 2. Hyperaemia in the capillaries and venules of the superficial dermis. 3. Increased pressure leading to haemorrhage, leukocyte infiltration near the capillaries and venules of the superficial dermis. 4. Necrosis of the superficial dermis and detachment from the basal cells. 5. Thrombosis in venules and capillaries of superficial dermis. 6. Decrease in the capillary lumina due to (7). 7. Endothelial cell swellings. (The area of the lumen in the normal capillary is 45 per cent of the total cross-section.)
Dinsdale's second set of experiments was performed to determine the relation ship of friction and pressure in causing necrosis. Normal pressure was applied by exerting a force on a 2·45 x 2·45 cm square metal plate. The method of applying friction was not disclosed. With only pressure, 290 mmHg was required to produce necrosis, while with both pressure and friction, the minimal normal pressure which produced necrosis was 45 mmHg. In this experiment, the pressure was applied in three 1·5 hour periods with 15 min break for I week. Using per fusion techniques it was found that friction did not cut off the blood supply or cause ischaemia but an experimental ulcer which correlated with a clinical ulcer required both friction and ischaemia. From the studies of the pathogenesis of a pressure sore and the anatomy of the skin it may be concluded that friction removes the outer protective stratum corneum, and thus accelerates onset of a pressure sore. These experiments support the importance of a pressure-time relationship for the onset of a decubitus ulcer.
Once the principle of pressure as the aetiological factor of pressure necrosis over bony prominences was established, many beds, cushions and other devices were invented and constructed to relieve the high-pressure concentration about these points.
The first water bed was designed in 1833, technical problems did not allow its full use till recently (Jones, 1971) . Weinstein (1965) added lead carbonate and high viscosity oil to prevent the patient from sinking into a flotation cushion but maintaining the hydrostatic support. A similar design was presented by Reswick (1972) using barytes and Bentonic clay. Other beds deVeloped to relieve pressures including alternating moving slats (Molnar, 1972) , Air Fluidised Bed system (Hargest, 1976) , low pressure beds (McCubbin, 1972) , Equally as prolific is the number of wheelchair cushions designed to prevent sores. Mooney (1971) and Cochran (1973) have attempted to outline the essential requirements for a useful cushion. The cushion must keep direct pressures and shear forces low but at the same time provide stability and comfort. It should be light, of a manageable size, inexpensive and have a life expectancy of 6 months or more. The choice of covering should also be carefully made. It has been shown (Chow, 1976 ) that the covering does change the properties of the cushion regarding shear. Ideally the cover should be absorbent, permit air circulation and be easily replaceable and washable by the person using the cushion.
The types of cushions now available can be classified into six groups.
1. Foam type (Koreska, 1975; Ma, 1976) . 2. Gel type (Paradise, 1975; Spence, 1976) . 3. Water type (Weinstein, 1966) . 4. Negative pressure type (Oates, 1975) . 5. Air type. 6. Sheepskin and artificial fibre pads.
Other pressure-relieving devices include, cut-out boards (Ma, 1976) , a 'rock ing chair' wheelchair (Jackson, 1975) , a wheelchair with a cushion of moving rollers (Kosiak, 1976) , moulded plaster bucket seats (Hassard, 1971 ) and a warning device which encourages the person to lift in the chair every 2 hours (Malament, 1975) . No cushion developed so far appears to be capable of maintaining pressures lower than capillary pressures or even less than 50 mmHg beneath sitting patients (Houle, 1969; Mooney, 1971; Souther, 1974; De Lateur, 1976) . It can be shown that a 70-kg person sitting on an area of 900 cm2 exerts an average pressure over his buttocks of 57 mmHg. The pressure will be much greater over the bony prominences. A cushion which enables a greater area of the person to be used in the supporting role and provides even support over this area is required.
Measuring Techniques
The measurement of pressure and shear at the interface of skin and a sup porting structure is theoretically an insoluble problem since the introduction of any measurement device alters the system. Results are inevitably influenced by the measurement techniques employed. Landis (1962) used the micro-injection technique to determine the pressure in the capillaries of human skin. The average pressure in the arteriolar end of the capillary network was found to be 32 mmHg (4 . 27 kPa). This figure has been quoted as the optimum value to be reached for the cushion-skin interface. Kosiak (1958) employed rubber butterfly valves as the sensor under the patient, the pressure necessary to force air through these valves being considered to be the interface pressure. Lindan (1965) produced the 'Bed of Nails and Springs'. Nails and springs were placed at I cm intervals over a hard board. When a person lay on the 'bed' the springs were compressed. Readings of the amounts of com pression were taken for all nail-spring pairs and converted to pressure. This was the first attempt to determine an over-all pressure distribution of the body. For routine use, this method has its limitations as the time taken for one set of results may be up to I t hours, and the compliance of the device bears no relation to that of a cushion.
Another attempt to obtain an overall distribution was by Frisina (1970) . He developed a chemical method which used the principle of a pressure-controlled chemical reaction. Chemicals were deposited on a sheet of paper which was placed under a person, the differing pressures controlling the rate of reaction between a mild acid and acid indicator resulting in a coloured contour pressure map. The colour change was proportional to reaction rate which was in turn proportional to pressure. Temperature effects negated the method as a useful system. Bauman and Brand (1963) and Bush (1969) developed and extended a capacitor pressure transducer. This transducer relied on the pressure to change the capacitance. Leremis (1973) used the principle of strain gauges on a cantilever to measure the normal pressure under the feet. The gauges were connected to a wheatstone bridge, and with five strain gauge-cantilever devices five pressures were monitored simultaneously. This was expensive and clumsy for use in a clinical environment. Recently, the Kulite Company developed a miniature pressure transducer con sisting of a wheatstone bridge directly mounted on to a silicon diaphram. It was shown to be useful in the measurement of stump pressures in artificial limbs (Rae, 1971) . The company also developed a 25-channel pressure sensing module, which had provision for direct entry into a computer, increasing data productivity and on-line calibration using a reference pressure on all channels. This system was very expensive. A simple, easy-to-use pressure device was developed at the Rancho Los Amigos Rehabilitation Centre, described by Mooney (1971) as a copper grid on either side of a flexible P.V.C. air-tight pneumatic cell (Fig. I) . When an external pressure was being exerted on the sensor, the internal pressure which caused the sensor to just make or break contact was indicated by a light going out. When an external pressure is being exerted on the sensor the internal pressure which causes the sensor to just make or break contact is said to be equival ent to that external pressure. This device has been widely used (Jeneid, 1974; Keswick, private communication) . However, it has the following shortcomings.
I. There is only one sensing area. 2. The sensing area is quite large (7 cm2). 3. The P.V.c. sensor is not very strong which leads to air leakage and un reliable results.
Interface Pressure Measurement System-Design and Construction
The basic design consists of a water-filled, water-tight, air-tight cell connected to a physiological pressure transducer via a length of vinyl tubing. When a force is exerted on the cell the pressure developed is transmitted to the transducer.
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The volume displacement is converted to an electrical signal which can be displayed on a meter. The pressure cell consists of a membrane clamped over a metal ring, 1 cm internal diameter, 1·7 cm outside diameter and 0·5 cm thick (Fig. 2) . The mem brane is constructed from vinyl and clamped in place as shown (Fig. 2) . Vinyl was chosen as the membrane material because it is easily manipulated and relatively durable. However, because of its elastic nature the volume of water must be kept constant to ensure consistent zeroing at the output. A system using ten pressure cells was chosen, this number being a compromise between the requirement to measure at many points and convenience of use. A simple switching network was required to avoid costly multiple transducer connections. A ten-way valve (Fig. 3) was designed and constructed. It contains ten inputs and one output. A cock rotates and connects each input to the output individually. The compact valve does not allow two or more cells to be connected to the pressure transducer simultaneously. The pressure recorded by the transducer is due to a volume dis placement. When the cock rotates the cock-transducer line retains the pressure and hence an additional volume of water from the previous cell causing an error in the zero for the next cell. To avoid this zero error, the centre of the ten-way valve has a connection to the zero pressure reference. This allows the cock transducer line to be automatically zeroed as the cock moves from one cell to the next.
The transducer used to detect the pressures is a Bell and Howell physiological pressure transducer (Model 4-327-1). The transducer contains a flexible molybdenum stainless steel membrane with a rod mounted on the internal sur face. The rod is connected to strain gauges which are arranged in a wheatstone bridge. The transducer is connected to a Cardiotrace 2000, which is an amplifying recording instrument. The output cable of the Cardiotrace contains two excita tion leads, two transducer output leads and a shield which is earthed at the pre amplifier. The excitation leads carry a balanced 5V rms, 2"4 kHz signal to the wheatstone bridge. Change in the external pressure will distort the transducer membrane which in turn causes an imbalance in the wheatstone bridge. The resultant signal across the transducer output (350 ohm impedance) is proportional to the pressure being monitored. This signal is amplified and displayed. The DC output from the Cardiotrace was connected to a digital voltmeter to obtain 
Testing Procedures
Measurements of the subject-cushion interface pressure were undertaken to study the distribution of pressure for different cushions. To carry out this study, a regime was established to standardise the measurements. The regime is as follows:
I. The cells were placed in a matrix which was then taped on to the subjects, with two cells as near as possible to the ischial tuberosities. 2. The cells were zeroed with subject standing (healthy) or raised just above the cushion (spinal injury patients) using the reference pressure which is a container of water set at a predetermined height prior to use. Each cell is opened to this reference, the volume of water in the cells is returned to the original amount and the unloaded cells record a zero pressure. The system is ready to take the next set of values. In practice, the time taken to re-zero is approximately 10-20 sec. 3. The subject was seated on the chair with both feet flat on the floor or wheelchair support, hands resting in front and back supported by the back of the chair. 4. The pressures were recorded on each celL 5. The cells were zeroed while the cushion was changed, with the subject in the same position as in 2. 6. Readings were repeated for the different cushions. 7. The height of the cells at the zeroing position, with respect to the final position during measurement, was recorded. Each reading was adjusted by the appropriate height factor.
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Errors
In this system, the errors which are to be considered in the experimental part I. The zeroing procedure. This requires the zeroing to be carried out at the same height at which the pressures are to be measured. The error involved here during patient testing is estimated to be ± 3 mmHg. This is the main source of error. For measurement of normals it is more convenient to zero with the patient standing and sensors taped in position on him, and then make a height correction to each reading. For measurement of spinal injury patients the patient is held just above the cushion. The uncertainty in both procedures is comparable. 2. The resoluticn of the system. The resolution of the system's display is ± I mmHg. 3. The perturbing effects of the cells at the interface. In absolute terms this is unknown, but for purposes of comparative studies it is assumed constant for all subject-cushion interface and has not been included.
The total estimated error in each reading is approximately + 5 mmHg. This represents an error of less than IO per cent for the values expected to be measured.
Results and Discussions
Preliminary studies were done to test the reliability and repeatability of the sensor system. Two studies were undertaken, one with healthy subjects, and the other with spinal injury patients.
I. Twelve normals of varying weight and age and both sexes were used in this study. A chair with standard heavy vinyl-covered 2 " foam was used and Figure 5 and Figure 6 illustrates the system in use. The matrix was kept standard for all healthy subjects. The sum or mean of the ten pressures gives an indication of the average pressure distributed over the whole area. This value will indicate how well a cushion distributes the pressure over the whole buttock-cushion contact area, of which the measured region is only a fraction. The means can be compared between cushions for an individual subject to determine which cushion is 'best' at reducing pressures for that particular subject.
The mean value of the ten readings for any subject-cushion combination was found to be repeatable to ± 5 per cent. The cause of this variation is firstly due to the uncertainty in each reading as previously discussed, and secondly the natural variation in sitting positions when a subject re-seats himself. This causes an un avoidable redistribution of pressure between the back of the chair, the buttocks, the thighs and the feet.
The standard deviation of the ten values was used as a measure of the 'peaki ness' or unevenness of the distribution of pressure over the area covered by the matrix. The smaller the standard deviation, the better is the cushion in eliminating very high and low pressure points. Table I contains the means and standard deviations of the ten pressures for each subject-cushion combination for healthy subjects. From these values it can be clearly seen that the 'no cushion' position gives both the highest mean and standard deviation in all cases except one. This implies a poor weight distribution over the whole buttock-thigh region and large variations in the pressures over the ischial tuberosity-sacral region.
To determine whether there was a significant difference between the water and foam cushion and the 4 " foam cushion, a t-test was performed. It was found that at the 10 per cent level, the water and foam cushion gave significantly lower mean values, but the standard deviations were not significantly different. Hence, the water and foam cushion distributes the pressure more evenly over the whole buttock-cushion contact area, and all cushions except the 'no cushion' are equal in spreading the load over the ischial tuberosity area. No difference between the 3 " and 4 " foam cushions could be discerned either for the mean value or for the standard deviation. Thus, in this study the water and foam cushion was found to be superior in reducing high pressure points and distributing the weight evenly over the sitting area.
A brief study to examine the effect different covers have on the pressure dis tribution was carried out. The covers examined included vinyl, rubber mackin tosh, terry towelling, cotton and material on vinyl. The covers were placed separately on the 4 " foam cushion and the pressure distribution determined. No significant difference was found between the means or standard deviations for all the covers, but a more extensive study needs to be carried out. Subsequently, one paraplegic and two quadriplegic patients were examined. This study was performed using the patient's own wheelchair. The patient was held over the wheelchair while the cell matrix was taped over the ischial tuberosity area. While the patient was in this position the pressure cells were zeroed. A paraplegic patient is able to lift himself up to a height where zeroing may be achieved. The complete measuring procedure for one cushion requires between 3-4 min. Six cushions were used in this study.
It should be noted that the two quadriplegic patients slumped markedly into the wheelchair, with a high percentage of their weight being supported by the spine and the superior gluteal area. In this position the ischial tuberosities were supporting much less weight than in an upright patient. Also, it was more difficult to place the patient in the same position on each cushion. Because the patients were unable to place themselves back into a reproducible position, the readings show a large scatter. The results (means and standard deviations) are tabulated in Table II . In those cases where a repeat measurement was taken the results appear to be reasonably consistent, but it is felt that no conclusive statement regarding the 'best cushion' for a spinal injury patient can be made. More clinical work needs to be carried out with improved methods for repositioning the patients, with the cells taped directly on the skin, and with more attention being paid to patient movement during the procedure as well as con sidering parameters not related to pressures but important in choosing a suitable cushion.
SUMMARY AND CONCLUSION
An interface pressure measuring device for the assessment of subject-cushion interface pressures at ten points has been described. Preliminary trials using 12 healthy subjects on four cushions and three spinal injury patients on six cushions, has been carried out. Any measuring device will perturb the interface to an unknown extent. Despite this, the system described has proved useful for quick repeat able, comparative measurements of different cushions.
The results from the healthy subjects indicate that there is a significant difference between the average pressure with a cushion and the average pressure without a cushion. It was also found that the water and foam cushion distributed the pressure over a larger area than the foam cushions.
The results from the spinal injury patients are too brief to make a statement on the relative merits of the cushions used.
Some authors (Mooney, 1971) have indicated that the water cushions have similar pressure distributing properties as the foam cushions, whereas other authors (Souther, 1974) have shown that the water cushions reduce the pressures to a greater degree than the foam cushions. A third statement by Cochran (1973) regarding the comparative merits of these two cushions contradicts the first two. With future studies some modification is needed regarding the procedure. The cells should ideally be placed directly on to the skin to improve repeatability. Each cushion should be preloaded for some time before measurements are taken. This will simulate more closely the effect the cushion has on the pressure distribu tion after the cushion has settled.
RESUME
De nombreux facteurs contribuent a la formation des Decubitus, la pression excessive et prolongee etant Ie facteur dominant.
Le probleme est Ie plus severe pour Ie malade assis, parce que Ie meme poids se dis tribue sur une surface bien plus petite que lorsque Ie malade est couche.
Un appareil nouveau est demontre. L'appareil est compose de dix sensorimetres relies via un transducteur de pression physiologique a un systeme d'amplification et d'enregistrement. Ce qui suit est une description de l'appareil illustree par quelques resultats typiques.
L'appareil se base sur un transducteur de pression physiologique de type courant. Dix sensorimetres remplis d'eau sont relies au transducteur par un tuyau plastique qui passe par un commutateur manuel. Le debit du transducteur est amplifie et indique par un moniteur de pression standard. Le debit peut etre communique a un display digital si on Ie desire, ou a un enregistreur graphique afin de surveiller la pression a un endroit donne pendant une periode de temps donne.
ZUSAMMENFASSUNG
Viele Faktoren sind entscheidend ftir ihr Entstehen von Druckgschwiiren, der wichtigste jedoch ist aussergewohnlich langanhaltender Druk.
Das Problem ist beim sitzenden Patienten am grossten, da das gleiche Gewicht auf eine sehr viel kleinere Fliiche verteilt ist, als beim Liegenden.
Eine neue Apparatur der Druckmessung ist beschrieben. Der Apparat besteht aus zehn Senso �� n, die an ein VerstiirkerjAufzeichnungssystem tiber einen genormten Physio logiedruck-Ubertriiger angeschlossen sind. Es folgt eine kurze Beschreibung der Methode, die durch einige bezeichnende Ergebnisse veranschaulicht ist.
Die Anlage ist urn einen genormten Physiologiedruck-U bertriiger befestigt. Zehn mit Wasser gefii llte Drucksensoren sind durch Plastikrohrchen tiber einen manuellen Schalthebel mit dem U bertriiger verbunden, dessen Leistung verstiirkt und von einem genormten Druckmonitor registriert wird. Falls erwUncht, kann die Leistung zu einem Digitalaufzeichner gefii hrt werden, oder zu einem Diagrammrekorder, um den Druck an einer Stelle tiber einen gewissen Zeitraum aufzunehmen. Die mit diesem Apparat erzielten Ergebnisse werden beschrieben.
